repeat cycle. For the current study two Strip-Map HIMAGE pairs were used (40 x 40 km swath, 3 x 3 m resolution on ground), acquired with beams H4-03 and H4-04. The Radarsat-1 satellite is a joint Canadian Space Agency (CSA) and NASA project. Launched in 1995, it operates in a 24-day repeat cycle, carrying a C-band SAR. For the current study a Standard Beam (S3) Strip-Map image pair was used (100 x 100 km swath, 5 x 20 m resolution on ground).
All interferograms were generated at a 90 m posting, using the SRTM 3 arc-sec DEM to remove the contribution of topography (Farr et al., 2007) , and a set of tie-points, from highly coherent regions outside the main displacement patterns, was used to estimate and remove the contribution of orbital To obtain a full displacement field of the May 20 th earthquake we subtracted the CSK2 displacement map from the Radarsat one. The differential displacement map ( Figure 3D and 4B) represents the cumulated deformation from May 12 th to May 27 th , and from June 4 th to June 5 th ( Figure 2 ). We the variance of differential turbulent tropospheric delays, in the order of 1.4 cm.
Coseismic displacements for the 20 th and 29 th May events were also derived from GPS data (Serpelloni, et al., 2012) . Most of the GPS site displacements were obtained for the far field, while only 3 were available for the epicentral area (Figure 3 ),
Data modeling
The seismic sources of the May 20 th and May 29 th events were modeled by inverting the abovementioned InSAR and GPS data, adopting the analytic solutions for the dislocation in an elastic half-space (Okada, 1985) . InSAR data were first resampled to lower the computational load, using a regular sampling on a 400-m mesh grid (see Atzori and Antonioli, 2011) . We then inverted the data with a two-step approach, consisting of a non-linear inversion based on the LevembergMarquardt algorithm (Levemberg, 1944; Marquardt, 1963) to study the source geometry with uniform slip, followed by a damped linear inversion to get the slip distribution (see Atzori et al., 2009 ).
Since the InSAR displacement fields are nearly symmetrical with respect to an E-W axis, they could in principle be fit equally well by either North or South dipping dislocations. However, since the aftershock distribution (Marzorati et al., 2012;  http://iside.rm.ingv.it) and the geological constraints clearly indicate S-dipping fault planes, we discarded the possibility of N-dipping faults ( Figure S3 SUPPLEMENT).
The best fit fault parameters resulting from the non-linear inversion are shown in Tables S1   SUPPLEMENT and S2 SUPPLEMENT, for the May 20  th and May 29 th earthquakes, respectively. To estimate the parameter standard deviations and trade-offs ( Figure S4 SUPPLEMENT and S5
SUPPLEMENT), we ran 150 different non linear inversion restarts.
As mentioned before, the location and geometry of the main buried thrust faults of this area (the Ferrara and Mirandola thrusts) are well known from geological studies (Improta, L. Manuscript in preparation, 2012; Boccaletti et al., 2010; Picotti and Pazzaglia, 2008; Bigi et al., 1983) . In Tables   S1 SUPPLEMENT and S2 SUPPLEMENT we compare the Ferrara and Mirandola (geological) fault parameters with those resulting from the non linear inversion, together with source parameters from the focal mechanisms (Malagnini et al., 2012) . There is a very good agreement between the three sets of parameters. As discussed in the next two sections, for the linear inversion we used mostly the geological parameters to fix the geometrical constraints, while the rake angles where chosen in agreement with the focal mechanisms. In Figure S6 SUPPLEMENT we compare the fault plane obtained from the non linear inversions with the input fault geometry of the linear ones.
Deformation and modeling of the May 20 th event
The May 20 th event was modeled by inverting the CSK1 interferogram ( Figure 3A) , the RSAT-CSK2 difference map ( Figure 3D and 4B), and the GPS data ( Figure 3F ). We constrained the model source to have a variable dip geometry, corresponding to the middle Ferrara thrust (Figure 1) , with a shallower segment dipping at 40° followed at depth by a 20° sloping segment (Table 3 ). The modeled InSAR and GPS displacement fields and their residual values (observed minus modeled) are shown in Figure 3 , whereas observed and modeled surface displacement profiles are shown in Figure 5 .
Few GPS sites in the epicentral area recorded coseismic ground displacement from this earthquake (Figure 3 ): the MO05 site in Finale Emilia, moved ~3 cm to the SSW and uplifted ~7 cm; SGIP, located South of the aftershock distribution, moved ~2 cm NNE; whereas SERM, located North of the aftershock distribution, moved southward of ~1.5 cm. The other sites showed planar displacements less than 1 cm in a radius of ~50 km from the epicenter (e.g., Bologna and Modena moved NNE-ward of ~7 mm). We measured reliable vertical displacements (~1 cm) only at SBPO, whereas for all other stations vertical displacements resulted below the noise level (Serpelloni et al., 2012) .
The RSAT-CSK2 deformation map consists of a main bulls-eye pattern, elongated WNW for ~25 km and ~10 km wide, with a maximum positive LOS displacement of ~21 cm ( Figure 3D and 4B The observed peculiar deformation pattern could also be explained with a complex faulting mechanism, with further slip occurring along an additional fault other than the Ferrara thrust, e.g.
one of the shallower back thrust faults, a secondary splay of the main thrust fault or a different fault altogether. Since the "whisker-shaped" deformation pattern is located directly above the Mirandola thrust front (Figure 1) , we tested the possibility that the InSAR deformation shown in the RSAT-CSK2 map could be explained by inverting for slip occurred on both the Ferrara and Mirandola thrusts within the corresponding time span. Indeed, using this model we obtain a good fit to the data also in the "whisker-shaped" deformation area (Figure 5 A, B, C and D). Residual RMS values of 0.77 cm, 1.03 cm and 0.58 cm are observed with respect to the CSK1, RSAT-CSK2 and GPS data ( Figure 3C and 3F). The slip distribution for this model shows a maximum slip of ~120 cm at 5 km depth on the NE fault (the Ferrara thrust), while the "whisker-shaped" displacement pattern is well modeled by slip (~30 cm) between 3 and 7 km depth on the SW fault plane (the Mirandola thrust, Figure 6A ). The latter would correspond to a Mw >5 earthquake, which however is not observed in this area, suggesting that this is an aseismic slip event.
Deformation and modeling of the May 29 th event
The InSAR displacement field of this Ml 5.8 earthquake ( Figure 3G ) is elongated ~E-W, with an extent of about 25 km and a maximum positive displacement of ~14 cm near the epicenter.
The horizontal GPS site displacements were all below 1 cm, since no stations were located in the near-field of the mainshock. All GPS planar vectors converge toward the area of highest InSAR displacement, with the exception of MO05, which shows movement toward SE ( Figure 3I ). We did not observe reliable patterns for the GPS vertical components, which were all below the noise level.
Following the same inversion scheme previously described, we linearly inverted the CSK2 displacement map ( Figure 3G ), and the GPS site displacements. These datasets span the ML 5.8 event and three aftershocks with ML >5 (Table 1 and Figure 1 ).
As for the May 20 th event, we constrained the source location and geometry according to geological parameters (Table 3) , and approximated the shape of the frontal Mirandola thrust by a shallower segment dipping at 45° continuing at depth in a 30° dipping segment. The rake angle was fixed according to the focal mechanism (Malagnini et al., 2012) .
In this model we assume that the contribution of post-seismic deformation of the May 20 th in this area is minimal, as verified from a further CSK ascending interferogram spanning the period May 22 nd -May 26 th ( Figure S8 SUPPLEMENT).
The modeled slip distribution ( Figure 6B ) shows two main slip areas. In the central part of the fault a maximum slip of 54 cm is obtained at 6 km depth, corresponding to the main ground displacement pattern ( Figure 3G ). In the western side, a lower slip concentration (~30 cm) is located at slightly shallower depths (5 km). The relationships between these two slip areas is well depicted also in the E-W displacement profile ( Figure 5F ), and reflects the superposition of coseismic displacements from different sources. While the eastern displacement pattern can be correlated to the Ml 5.8 mainshock, the smaller displacement peak to the West cumulates the displacement due to the occurrence of three ML >5 aftershocks between May 29 th and June 4 th (Table 1 and Figure 1 ).
The modeled InSAR and GPS displacement fields and the residuals values are shown in Figures 3H and 3I, whereas the observed and modeled profiles of surface displacement are shown in Figure 5 .
A good fit is found between the observations and the model, with most residuals lying within ±2 cm
and RMS values of 0.71 cm and 0.26 cm with respect to SAR and GPS observations. Near the town of Finale Emilia, high SAR (-4 cm) and GPS (Mo05 site, Figure 3I ) residuals are observed, possibly related to local water table level readjustment and shallow fluid migration following the May 20 th earthquake. (Steacy et al., 2005) . We study the relationships between the largest earthquakes of the Emilia sequence by means of the Coulomb Failure Function (hereinafter ΔCFF, e. g. Harris, 1998).
Stress readjustment
Neglecting the contribution of the underground fluid pressure, Coulomb failure stress is defined as:
Where τ is the shear traction projected on the target fault plane, σ is the normal traction, defined positive for traction, μ' is the apparent friction coefficient that takes into account the pressure effects, and S is the rock cohesion, considered constant over time. Here μ' is kept fixed at a value of 0.4. The absolute stress values are often not known (Harris, 1998), and the Coulomb stress variation is computed. Since S at a first order approximation remains constant, the ΔCFF then becomes:
ΔCFF= Δτ+ μ' Δσ
Positive ΔCFF due to stress readjustment following the mainshock, tends to advance subsequent shocks towards failure, while negative ΔCFF represents stress release and therefore a delayed fault failure-time.
To study the stress change induced by the May 20 th mainshock on the May 29 th fault plane, we project the six components of the stress tensor variation due to the former onto the slip direction of the latter. The ΔCFF shows an increase up to ~6 bar in the eastern sector of the May 29 th fault, (Figure 7 ) where we modeled aseismic slip responsible for the "whisker-shaped" deformation pattern.
In addition, we calculated the ΔCFF induced by both mainshocks on two receiver faults located W and NE of the seismic sequence, namely the western lateral ramp of the Mirandola thrust and the most external thrust of the Ferrara fold belt (Figures 1 and 7) . For both faults, the stress variations are lower (~2.5 bar) than those computed on the May 29 th fault plane but still not negligible with respect to the still debated minimum stress variation threshold magnitude (0.1 bar, e.g. Hardebeck et al. 1998 ).
Discussion and Conclusion
The Emilia seismic sequence filled a seismic gap existing at least since the year 1000 A.D. (Rovida et al., 2011) , and might therefore give important information on the mechanisms of strain accumulation and release in this area.
Regarding the long-term phase of strain accumulation, some considerations can be made based on our results. The InSAR data clearly show that the footprint of the coseismic deformation corresponds to part of the Mirandola and Ferrara folds, located at shallow depths under the Po alluvial plain. This evidence supports the long-term geomorphic analyses that attribute to the growth of the same folds the wide northward bend of the Po river course and the deviation of the Secchia and Panaro rivers (Burrato et al., 2003) . On the other hand no evident topographical bulge corresponds to the buried anticline crests (Figure 1 ), and this implies that the net fold growth rate must be lower than the sedimentation rate. In fact, for the Mirandola anticline, Scrocca et al. (2007) evaluate a relative tectonic uplift of 0.16 mm/yr in the last 125 ka, much lower than the estimated sedimentation rate (0.89 mm/yr) in the plain. Also GPS data confirm the absence of significant ongoing vertical deformation in this area (Bennett et al., 2012; Devoti et al., 2011) .
One way to reconcile the interpretation of Burrato et al, 2003 , with the absence of topographical relief in the area is to hypothesize that the repeated coseismic uplift events have progressively controlled the evolution of the hydrographic network.
For the Mirandola anticline, considering the 0.16 mm/yr long-term growth rate of the anticline crest, we calculate that about 800 year were needed to accumulate the crustal strain released during the 2012 coseismic displacement (~14 cm), This time lag is comparable with the duration of the quiescence in the seismic gap.
In the seismic hazard context, our modeling results demonstrate that the frontal blind thrusts below the Po plain are seismically active. The maximum magnitudes (Mw ~5.9) of the 2012 sequence are in agreement with those suggested by previous estimates (Valensise and Pantosti, 2001; DISS Working Group, 2010; Basili et al., 2008) . Our results do not allow to consider this value as an upper bound, because, given the similar geometry and kinematics of the two main structures activated during the first 10 days of the sequence, their simultaneous rupture during a single event cannot be excluded (Hayes et al., 2010) . In this case an event with Mw > 6 could occur.
Moreover, the results of the stress transfer analysis, suggest that during the Emilia seismic sequence, the rupture of the Mirandola thrust (the May 29 th event) was likely triggered by the additional stress load redistributed after the Ferrara thrust (the May 20 th event). In this process, the aseismic slip occurred on the Mirandola thrust (modeled based on the "whisker" shaped deformation) may have played an important role. Although we cannot precisely place this slip event in time, it is reasonable to assume that it occurred in the time span between the two mainshocks, because: a) it is located in the portion of the Mirandola thrust more loaded by the May 20 th shock, b) its main slip patches are spatially continuous with those modeled for the May 29 th earthquake.
Aseismic slip episodes related to earthquakes have been observed and modeled in terms of stress transfer in many seismotectonic contexts, either following (Fielding et al., 2004) or preceding (Lohman and McGuire, 2007) earthquakes. Other analyses based on additional seismological data might in the future further clarify the implications of stress transfer and earthquake triggering processes for the evaluation of time-dependent seismic hazard (Steacy et al., 2005) .
The 2012 Emilia seismic sequence represents an important reference point for the re-evaluation of the present tectonic activity of the Northern Apennine wedge, and provides useful new elements for the seismic hazard assessment. InSAR postseismic and long-term interseismic monitoring of crustal deformation will provide the necessary data for a better understanding of the strain accumulation and relaxation processes in this region. 
